Abstract: Samples of Lu 2 O 3 :Eu 3+ (3 at. % Eu) and Lu 2 O 3 :Sm 3+ (1 at. % Sm), were prepared via the polymer complex solution method using poly(ethylene glycol) as the fuel and as nucleation agent for crystallization process. Knowing that lutetium oxide has high chemical stability and temperature resistance, in this study, the possibility for its application in high-temperature phosphor thermometry was investigated. This non-contact technique uses the thermal dependence of phosphor fluorescence to measure temperature remotely. The structural and morphological properties were investigated by X-ray powder diffraction (XRPD) analysis and transmission electron microscopy (TEM). The obtained results confirmed that this synthesis yields the desired crystalline structure with particle sizes in the range from 30 to 50 nm. Photoluminescence emission measurements were recorded in the temperature range from ambient up to 873 K. The obtained results demonstrated the performance of Eu 3+ -and Sm 3+ -doped Lu 2 O 3 as high temperature thermographic phosphors of very good sensitivity.
INTRODUCTION
Rare-earth luminescent phosphor represents a very important group of materials since they find application in biomedical multicolor imaging, scintillators, high-energy physics, lamps and display devices, etc. [1] [2] [3] [4] [5] Recently, their application as temperature sensors has become very popular. In order to obtain an optical temperature sensor with appropriate characteristics, it is necessary to choose an adequate optically active ion and a suitable host matrix. Rare earth ions, such as Eu 3+ , Sm 3+ , Er 3+ , Tm 3+ , Ho 3+ and Nd 3+ , are luminescent activators that have coupled energy levels required for application in optical temperature sensors. These ions accommodate easily into a variety of different host materials. It is known that rare-earth sesquioxides are significant host materials due to their good chemical stability, thermal conductivity and high light output. Among them, lutetium oxide Lu 2 O 3 represents a promising matrix material because of the high band gap between the valence and conduction bands (≈5.8 eV), high melting point (≈2763 K), very high mass density (≈9.42 g cm -3 ) and large atomic number (Z = 71) that contributes to a high stopping power for ionizing radiation. In addition, Lu 2 O 3 has a cubic bixbyite crystalline structure with space group Ia-3 which is isostructural with the well-known Y 2 O 3 structure. [6] [7] [8] In order to avoid potential problems that could occur during synthesis in the solid phase, such as non-homogeneity, imprecise control of the cation stoichiometry and high processing temperature, it is more convenient to use wet chemical processes, such as hydrothermal synthesis, sol-gel, spray pyrolysis, co-precipitation, combustion synthesis, pulsed vapor deposition, etc. [9] [10] [11] [12] [13] [14] [15] In this study, the polymer complex solution (PCS) method, which is very simple, fast and cost-effective, was used. The PCS preparation procedure provides powders composed of well crystalline and uniform in size nanoparticles, which is a prerequisite for obtaining high-quality, transparent ceramics. The utility of the polymeric approach comes from the coordination of metal cations onto the poly(ethylene glycol) (PEG) chains during the gelation process, resulting in very low cation mobility. In this way, PCS provides mixing of constituting elements at the atomic level and allows homogeneous control of very small rare earth concentrations, providing in this way, a uniform structure of the materials. 16 Thermographic phosphors (TPs) are oxides doped with rare earth or transition metal ions that emit visible, infrared or UV radiation upon excitation from an external energy source. Their luminescent properties, such as the positions and widths of the luminescence peaks, the intensities of the luminescence lines and decay lifetimes of luminescence, change with temperature. The fluorescence intensity ratio (FIR) method is based on the intensity ratio between two emission lines or areas in the PL spectrum. This technique is flexible and successful in measuring temperatures where conventional methods employing pyrometry, thermocouples or thermistors, may prove to be unsuitable. The intensity, wavelength or lifetime (duration of light) of the detected emission is used to determine the temperature of a surface. This approach is very precise, simple, non-intrusive with a wide temperature range (from 10 to 2000 K). 17, 18 Using this technique, very good results were previously obtained by measuring and comparing peak intensities and areas in different host matrixes. 19, 20 Although, according to the literature, Lu 2 O 3 proved itself to be a host material that gives better luminescent properties in comparison to Y 2 O 3 , it has not been sufficiently studied. 21 Hence, in the present study, Lu 2 O 3 doped with either 3 at. % Eu 3+ or 1 at. % Sm 3+ prepared by combustion synthesis were elaborated as optical temperature sensors in the range from 293 to 823 K. Aesar, 99.9 %), were appropriately measured and dissolved in hot nitric acid. To the obtained solutions, PEG (Alfa Aesar, w M = 200) was added in a 1:1 mass ratio to the starting oxides, whereby metal-PEG solutions were formed. The solutions were continuously stirred at 80 °C for a few hours until solid complexes were formed that were subsequently combusted at 800 °C in air for 2 h, giving white powders as the resulting products.
The phase composition was investigated by X-ray powder diffraction analysis (XRPD) on a Philips PW 1050 instrument, using Ni filtered CuKα 1,2 radiation. The diffraction data were recorded in the 2θ range from 10° to 120° counting for 12 s in each 0.02° step. The microstructure at the local level was analyzed by the TEM technique using a Philips/FEI CM300 electron microscope operating at 300 kV. The photoluminescence spectra were collected under the excitation light of a 450 W xenon lamp on a Fluorolog-3 model FL3-221 (Horiba Jobin-Yvon) spectroflurometer (λ exc (Lu 2 O 3 :Eu) = 393 nm and λ exc (Lu 2 O 3 :Sm) = 406 nm), elevating the temperature from ambient to 823 K in steps of 50 K.
RESULTS AND DISCUSSION
The X-ray diffraction pattern for the Lu 2 O 3 :3 at. % Eu sample is shown in Fig. 1 . The XRD analysis confirmed that during calcination at 800 °C the sample crystallized in a cubic bixbyte crystal structure with the space group Ia-3. The peak positions were indexed according to the JCPDS card No. 12-0728 for the cubic Lu 2 O 3 structure. The narrow peaks of high intensities imply good crystallinity of the sample. The morphology of Lu 2 O 3 :3 at. % Eu 3+ sample analyzed with transmission electron microscopy (TEM) is presented in Fig. 2 . The micrograph revealed the presence of agglomerates that consisted of nanoparticles in the range from 30 nm to 50 nm. High-resolution TEM (HR-TEM) showed a good crystalline structure without any irregularities, which are in good agreement with results obtained in the XRD measurements. The FIR method is based on the selection of two emission lines from photoluminescent spectra and estimation of the temperature based on the ratio of their intensities. Two lines are considered appropriate for the intensity ratio method if they both have strong emission intensities over the whole temperature range and if their intensity ratio gives high temperature resolution. 22 This approach eliminates a number of errors arising from fluctuations of the excitation light source, temperature changes of excitation bands and non-uniform dopant concentrations. A special case of the FIR measurement technique involves using the fluorescence intensities from two closely spaced, "thermally coupled" energy levels, the relative population of which follows a Boltzmann type population distribution and is dependent on the temperature and the energy gap. Here, the ideal case was used, where the intensity of one of the emission lines is independent of temperature (internal reference); in this way, a calibration between the ratios of emissions is indicative of temperature. The main mechanism behind this phenomenon is thermalization: when two energy levels of the RE activator are closely separated by a difference of approx. 1000 cm -1 , the upper level will not emit fluorescence at low temperatures due to the high multi-phonon relaxation that quenches the energy. With increasing temperature, the upper level becomes more populated and therefore the fluorescence from this level gradually increases at the expense of that of the lower level population. 23 The relative population between the two levels, R, which follows a Boltzmann-type population distribution, is given by:
where k is the Boltzmann constant, k = 0.695 034 76(63) cm −1 K -1 , and ∆E = E 32 is the energy gap between two excited levels (upper i = 3, lower i = 2, ground i = 1). The rate at which the ratio R changes with temperature represents the sensor sensitivity, S:
For Eu 3+ , temperature could be determined using the FIR technique for the 5 D 1  7 F 1 and 5 D 0  7 F 2 transitions that have separation of approx. 1700 cm −1 (Fig. 3a) . At higher temperatures, the population of the 5 Dependence of emission intensities at 533, 580, 593 and 611 nm with temperature for Lu 2 O 3 :3 at. % Eu 3+ sample are presented in Fig. 4 . It is obvious that the peaks centered at 533, 580 and 593 nm are independent of temperature, while the peak centered at 611 nm gradually decreases with increasing temperature and exhibits a maximum value at 300 K.
The FIR relation was checked by recording the emission spectra at different temperatures from 293 to 823 K and the results are shown in Fig. 5 . From the fit of these experimental data according to Eq. (1), the values C = 3.06 and ∆E = = 1596 cm -1 were found, with a goodness of fit R 2 = 0.9993. The maximum sensor sensitivity calculated according to Eq. (2) is approximately 6 × 10 -4 K -1 at 823 K.
In the case of the Lu 2 O 3 :1 at. % Sm 3+ sample, a schematic representation of the characteristic transitions is provided in Fig. 6a . Photoluminescence emission spectra of the sample under excitation of 406 nm in the temperature range from 293-823 K are presented in Fig. 6b . Three emissions at 578, 608 and 656 nm are __________________________________________________________________________________________________________________ 2012 Copyright (CC) SCS ascribed to the 4 G 5/2  6 H 5/2 , 6 H 7/2 , 6 H 9/2 transitions of Sm 3+ , respectively. As internal reference, the 4 G 5/2  6 H 5/2 transition (emission line at 578 nm) was chosen.
The dependence of the emission intensities at 578, 608, and 656 nm on temperature for Lu 2 O 3 :1 at. % Sm 3+ sample are presented in Fig. 7 . In this case, the peaks centered at 608 and 656 nm gradually decreased with increasing temperature, while the peak centered at 578 nm showed irregular behavior with changing temperature.
The FIR of the emission at 578 nm relative to the emissions at 608 nm and 656 nm was checked by recording the emission spectra at different temperatures from 293 to 873 K and the results are presented in Fig. 8 emission intensities were tracked and the maximum sensitivities of 3.6×10 -3 and 1.6×10 -3 K -1 were found at about 580 K and at about 700 K, respectively. Based on these results, it is evident that these materials could be used as temperature sensors at elevated temperatures.
